one strand is selectively sorted to an ARGONAUTE (AGO) protein according to the identity of the 5' nucleotide or to other sequence/structural elements of the small RNA or small RNA duplex (Mi et al., 2008; Montgomery et al., 2008; Takeda et al., 2008; Zhu et al., 2011) .
Small RNA-directed gene silencing has been used extensively to selectively regulate plant gene expression. Artificial miRNA (amiRNA), synthetic tasiRNA (syn-tasiRNA), hairpin-based RNA interference (hpRNAi), virus-induced gene silencing (VIGS) or transcriptional silencing (TGS) methods have been developed (Ossowski et al., 2008; Baykal and Zhang, 2010) . Since their initial application (Alvarez et al., 2006; Schwab et al., 2006) , amiRNAs produced from different MIRNA precursors have been used to silence reporter genes (Parizotto et al., 2004) , endogenous plant genes (Alvarez et al., al., 2008; Montgomery et al., 2008) and TAS3a (Montgomery et al., 2008; Felippes and Weigel, 2009 ) transcripts, or from gene fragments fused to an upstream miR173 target site (Felippes et al., 2012) . Current methods to generate amiRNA or syn-tasiRNA constructs, however, can be tedious and cost-and time-ineffective for high-throughput applications.
Here, highly efficient methods for production of a new generation of plant MIR390a-based amiRNAs and TAS1c-based syn-tasiRNAs are described and validated. The new vectors use positive insert selection, and eliminate PCR steps, gel-based DNA purification, restriction digestions and sub-cloning of inserts between vectors, making them more suitable for high-throughput libraries. Accurate processing of both MIR390a-based amiRNAs and TAS1c-based syn-tasiRNAs was confirmed by deep sequencing analysis, and target gene silencing was shown through phenotype and molecular analyses.
RESULTS AND DISCUSSION

Selection of Arabidopsis thaliana MIR390a precursor for direct cloning of artificial miRNAs
Several properties of the AtMIR390a precursor make it attractive as a backbone to engineer a new generation of amiRNA vectors. First, small RNA library analyses indicate that the AtMIR390a precursor is processed accurately, as the majority of reads mapping to the AtMIR390a foldback correspond to the authentic 21-nucleotide (nt) miR390a guide strand ( Figure 1A ). Second, as the MIR390 family is deeply conserved in plants (Axtell et al., 2006; Cuperus et al., 2011) , AtMIR390a-based amiRNAs are likely to be produced accurately in different plant species. Third, the AtMIR390a precursor was used to express high levels of either 21 or 22-nt amiRNAs of the correct size in N. benthamiana leaves (Montgomery et al., 2008; Cuperus et al., 2010; Carbonell et al., 2012) , demonstrating that the miR390 duplex sequence provides little or no specific information required for accurate processing. Fourth, the AtMIR390a foldback has a relatively short distal stemloop (31 nt; Figure 1B ) compared to other conserved A. thaliana MIRNA foldbacks ( Figure 1C ), including those used previously for amiRNA expression in plants ( Figure   1D ). A short distal stem-loop facilitates more cost-effective synthesis of partially complementary oligonucleotides (see next section) that span the entire foldback. And fifth, although authentic miR390a associates preferentially with AGO7, association of AtMIR390a-based amiRNAs containing a 5'U or 5'A can be directed to AGO1 (Montgomery et al., 2008; Cuperus et al., 2010) or AGO2 (Carbonell et al., 2012) , respectively.
Direct cloning of amiRNA sequences in AtMIR390a-based vectors
Details of the zero background cloning strategy to generate AtMIR390a-based amiRNA constructs are illustrated in Figure 2A eliminates the need to modify the ends of insert oligonucleotide sequences (Schwab et al., 2006; Molnar et al., 2009) . The use of two BsaI sites in this configuration has been adapted from the Golden Gate cloning method (Engler et al., 2008) , and was used in other amiRNA cloning methods (Chen et al., 2009; Zhou et al., 2013) . BsaI digestion of the B/c vector and subsequent ligation of the amiRNA oligonucleotide insert can be done in separate reactions, or combined in a single 5 min reaction (see Supplemental Protocol S1). The amiRNA insert is ligated directionally into the BsaI-digested AtMIR390a-B/c vector and introduced into E. coli. Non-linearized plasmid molecules with no amiRNA insert fail to propagate in E. coli ccdB sensitive strains, such as DH5α or DH10B. In summary, compared to other amiRNA cloning methods (Schwab et al., 2006; Qu et al., 2007; Chen et al., 2009; Molnar et al., 2009; Wang et al., 2010; Eamens et al., 2011; Yan et al., 2011; Liang et al., 2012; Wang et al., 2012; Zhou et al., 2013) , this method is relatively simple, fast, and cost-effective ( Figure 2C ). (Schwab et al., 2006; Qu et al., 2007; Warthmann et al., 2008; Eamens et al., 2011; Yan et al., 2011) . A pENTR-AtMIR390a-B/c GATEWAY-compatible entry vector was generated for direct cloning of the amiRNA insert and subsequent recombination into a preferred GATEWAY expression vector containing a promoter, terminator or other features of choice (Table I, Supplemental Fig. S1 ).
Comparison of amiRNA production from AtMIR390a and AtMIR319a precursors
To verify the accumulation in planta of AtMIR390a-derived amiRNAs, six different amiRNA sequences (amiR-1 to amiR-6) (Supplemental Fig. S2, Supplemental Text S2) were directly cloned into pMDC32B-AtMIR390a-B/c (amiR-2 and amiR-3) or pMDC123SB-AtMIR390a-B/c (amiR-1, amiR-4, amiR-5 and amiR6) and expressed transiently in N. benthamiana leaves. All AtMIR390a-based amiRNAs had a U and C in 5'-to-3' positions 1 and 19, respectively, of the guide strand. They also contained G, A, C, and A in 5'-to-3' positions 1, 19, 20 and 21, respectively, of the amiRNA* strand ( Figure 3A, Supplemental Fig. S2 ). In addition, position 11 of the amiRNA guide strand was kept unpaired with position 9 of the amiRNA* to preserve the authentic AtMIR390a base-pairing structure (Figure 2A ).
For comparative purposes, the same six amiRNA sequences were also expressed from AtMIR319a precursor, which has been most widely used to express amiRNAs in plants (Schwab et al., 2006) . In this case, amiRNAs were cloned into pMDC32B-AtMIR319a-B/c (amiR-2 and amiR-3) or pMDC123SB-AtMIR319a-B/c (amiR-1, amiR-4, amiR-5 and amiR6; Figure 3A , Supplemental Fig. S2 ), following the protocols used previously (Schwab et al., 2006) . In the original AtMIR319a-based cloning configuration, a 20 bp sequence in AtMIR319a was replaced by a 21 bp sequence (Schwab et al., 2006) because it was initially thought that miR319a was only 20 bases long (Palatnik et al., 2003; Sunkar and Zhu, 2004) . Later analyses, however, revealed that miR319a is predominantly a 21-mer, like the majority of plant miRNAs (Rajagopalan et al., 2006; Fahlgren et al., 2007) . Consequently, the AtMIR319a foldbacks in the original AtMIR319a-based configuration had a one base-pair elongated basal stem that did not seem to affect foldback processing (Schwab et al., 2006) . Here, amiR-1, amiR-2 and amiR-3 were cloned in the original 20-mer configuration (AtMIR319a) (Schwab et al., 2006) , and amiR-4, amiR-5 and amiR-6 were cloned in the more recent 21-mer configuration (AtMIR319a-21) (http://wmd3.weigelworld.org) where the authentic 21 nt sequence of endogenous miR319a is replaced by the 21 nt sequence of the amiRNA, preserving the foldback structure of authentic AtMIR319a ( Figure 3A, Supplemental Fig. S2 ). All AtMIR319a-and AtMIR319a-21-based amiRNAs had U and a C in positions 1 and 19, respectively, in the amiRNA guide, and A, U, U and C in positions 1, 19, 20 and 21, respectively, of the amiRNA*. Position 12 of the amiRNA* was kept unpaired with position 8 of the guide strand to preserve the authentic AtMIR319a base-pairing structure.
Note that an extra A-U base pair is found in AtMIR319a-based foldbacks due to the AtMIR319a original 20-mer configuration ( Figure 3A, Supplemental Fig. S2 ).
In transient expression assays using N. benthamiana, each of the six amiRNAs derived from the AtMIR390a foldbacks accumulated predominantly as 21 nt species, suggesting that the amiRNA foldbacks were likely processed accurately. In each case, the amiRNA from the AtMIR390a foldbacks accumulated to significantly higher levels than did the corresponding amiRNA from the AtMIR319a or AtMIR319a-21 foldbacks (P ≤ 0.02 for all pairwise t-test comparisons; Figure 3B ). The basis for differences in accumulation levels was not explored further. However, it is suggested that the more non-canonical loop-to-base processing mechanism for the AtMIR319a foldback (AddoQuaye et al., 2009; Bologna et al., 2009; Bologna et al., 2013 ) may be relatively less efficient than the canonical base-to-loop processing pathway for AtMIR390a foldback.
Functionality of AtMIR390a-based amiRNAs in Arabidopsis
To test the functionality of AtMIR390a-based amiRNAs in repressing target transcripts, Table SI ), including obvious floral defects with leaflike organs ( Figure 4B ) and significantly increased numbers of secondary inflorescence shoots (P < 0.01 two sample t-test, Figure 4F ). Ninety-eight of 101 transgenic lines containing 35S:AtMIR390a-Ch42 construct were smaller than controls and had pale or bleached leaves and cotyledons ( Figure 4C , Supplemental Table SI), as expected due to defective chlorophyll biosynthesis with a loss of Ch42 magnesium chelatase (Koncz et al., 1990; Felippes and Weigel, 2009 Figure 4D , Supplemental Table SI), as previously observed in small RNA knockdown lines (Schwab et al., 2006; Liang et al., 2012) The accumulation of all four amiRNAs was confirmed by RNA blot analysis in T1 transgenic lines showing amiRNA-induced phenotypes ( Figure 4G ). In all cases, amiRNAs accumulated as a single species of 21 nt ( Figure 4G ), suggesting that AtMIR390a-based amiRNAs were precisely processed. To more accurately assess processing and accumulation of the amiRNA populations, small RNA libraries from samples containing each of the AtMIR390a-based constructs were prepared. In each case, the majority of reads from the AtMIR390a foldback corresponded to correctly processed, 21 nt amiRNA while reads from the amiRNA* strands were always relatively underrepresented ( Figure 5 ). It is possible that amiRNA* strands with an AGO-non-preferred 5' nucleotide (5'C for amiR-Ft* and amiR-Trich*, and 5'G for amiR-Lfy* and amiRCh42*) were actually produced but were less stable. The library read data support the rational design strategy to place an AGO non-preferred 5' nucleotide (such as 5'G) at the 5' end of the amiRNA* to avoid competition with the amiRNA guide strand for AGO loading. Combined with previous data (Cuperus et al., 2010) , AtMIR390a-based foldbacks can be rationally designed to produce accurately processed amiRNAs of 21 or 22 nts, the latter of which can be used to trigger tasiRNA biosynthesis.
Accumulation of amiRNA target mRNAs in A. thaliana transgenic lines was analyzed by quantitative RT-PCR assay. The expression of all target mRNAs was significantly reduced compared to control plants (P < 0.02 for all pairwise t-test comparisons, Figure   4H ) when the specific amiRNA was expressed. The design of AtTAS1c-based syn-tasiRNA constructs expressing two syn-tasiRNAs is shown in Figure 6A .
Direct cloning of synthetic tasiRNAs in
Syn-tasiRNA vector construction is similar to that described for the amiRNA constructs ( Figure 6C ). Briefly, two overlapping and partially complementary oligonucleotides containing syn-tasiRNA sequences are designed (for details see Figure   6B and Supplemental Protocol S1). Sequence of syn-tasiRNA-1 can be identical or different to sequence of syn-tasiRNA-2. Theoretically, more than two syn-tasiRNA sequences can be introduced in the modified AtTAS1c, with such design being more attractive if multiple and unrelated sequences have to be targeted from the same syn- Table SII ). Plant phenotypes were also analyzed in T2 transgenic lines to confirm the stability of expression (Supplemental Table SIII Table SIII) .
Next, accumulation of syn-tasiR-Trich and syn-tasiR-Ft was compared to accumulation of amiR-Trich and amiR-Ft was analyzed by RNA blot assays using T1 transgenic plants showing obvious syn-tasiRNA-or amiRNA-induced phenotypes ( Figure 7C ). In all cases, syn-tasiRNA accumulated to high levels and as a single band at 21 nt ( Figure 7C ), suggesting that processing of AtTAS1c-based constructs was accurate.
When two copies of either syn-tasiR-Ft and syn-tasiR-Trich were expressed from a single construct, the corresponding RNAs accumulated to higher levels compared to when expressed in the dual syn-tasiRNA configuration containing only single copies of each RNA ( Figure 7C ). Interestingly, amiR-Ft and amiR-Trich accumulated to higher levels than did any of the corresponding syn-tasiRNAs ( Figure 7C ). It is possible that one or more factors in the AtTAS1c-dependent tasiRNA-generating pathway is (are) limiting relative to the ubiquitous miRNA biogenesis factors. It is also possible that RDR6-dependent TAS1c-dsRNAs may be processed by DCL4 from both ends, resulting in the production of tasiRNAs in two registers (Rajeswaran et al., 2012) Syn-tasiRNA technology was used before to repress single targets in Arabidopsis (de la Luz Gutierrez-Nava et al., 2008; Montgomery et al., 2008; Montgomery et al., 2008; Felippes and Weigel, 2009 ). Here, a single AtTAS1c-based construct expressing multiple distinct syn-tasiRNAs triggered silencing of multiple target transcripts and resultant knockdown phenotypes. Theoretically, AtTAS1c-based vectors could be designed to produce more than two syn-tasiRNAs to repress a larger number of unrelated targets.
Therefore, the syn-tasiRNA approach may be preferred for applications involving specific knockdown of multiple targets.
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Plant materials and growth conditions
Arabidopsis thaliana Col-0 and Nicotiana benthamiana plants were grown in a chamber under long day conditions (16/8 hr photoperiod at 200 μmol m -2 s -1 ) and 22ºC constant temperature. Plants were transformed using the floral dip method with
Agrobacterium tumefaciens GV3101 strain (Clough and Bent, 1998) . Transgenic plants were grown on plates containing Murashige and Skoog medium and Basta (50 mg/ml) or hygromycin (50 mg/ml) for 10 days before being transferred to soil. Plant photographs were taken with a Canon Rebel XT/EOS 350D digital camera and EF-S18-55mm f/3.5-5.6 II or EF-100mm f/2.8 Macro USM lenses.
DNA constructs
The cassette containing the AtMIR390a sequence lacking the distal stem-loop region, and including two BsaI sites, was generated as follows. A first round of PCR was done to amplify AtMIR390a-5' or AtMIR390a-3' regions using primers AtMIR390a-F and BsaIAtMIR390a-5'-R, or BsaI-AtMIR390a-3'-F and AtMIR390a-R, respectively. A second round of PCR was done using as template a mixture of the products of the first PCR round and primers AtMIR390a-F and AtMIR390a-R. The PCR product was cloned into pENTR-D-TOPO (Life Technologies) to generate pENTR-AtMIR390a-BsaI. A similar strategy was used to generate pENTR-AtTAS1c-BsaI containing the AtTAS1c cassette for syn-tasiRNA cloning: oligo pairs AtTAS1c-F/BsaI-AtTAS1c-5'-R and BsaI-AtTAS1c-3'-F/AtTAS1c-R were used for the first round of PCR, and oligo pair AtTAS1c-F/AtTAS1c-R was used for the second PCR.
A 2x35S promoter cassette including the Gateway attR sites of pMDC32 (Curtis and To generate zero background cloning vectors, a ccdB cassette was inserted in between the BsaI sites of plasmids containing the AtMIR390a-BsaI or AtTAS1c-BsaI cassettes. ccdB cassettes flanked with BsaI sites and with AtMIR390a or AtTAS1c specific sequences were amplified from pFK210 using primers AtMIR390a-B/c-F and AtMIR390a-B/c-R or AtTAS1c-B/c-F and AtTAS1c-Bc-R, respectively, with an overlapping PCR to disrupt an undesired BsaI site from the original ccdB sequence. These modified ccdB cassettes were then inserted between the BsaI sites into pENTR-
pMDC123SB-AtTAS1c-B/c and pFK210B-AtMIR390a-B/c, respectively.
AtMIR319a-based amiRNA constructs (pMDC32-AtMIR319a-amiR-1, pMDC32- ) were generated as previously described (Schwab et al., 2006) using the WMD3 tool (http://wmd3.weigelworld.org). The CACC sequence was added to the 5' end of the PCR fragments for pENTR-D-TOPO cloning (Life Technologies) and to allow LR recombination to pMDC32B or pMDC123SB. amiR-1, amiR-2 and amiR-3 were inserted in the AtMIR319a foldback, while amiR-4, amiR-5, amiR-6, were inserted in the AtMIR319a-21 foldback.
AtMIR319a
The rest of the amiRNA and syn-tasiRNA constructs (pMDC32B-AtMIR390a-amiR- D4Trich) were obtained as described in the next section. pMDC32-GUS construct was described previously (Montgomery et al., 2008) .
All oligonucleotides used for generating the constructs described above are listed in Supplemental Table SIV . The sequences and predicted targets for all the amiRNAs and syn-tasiRNAs used in this study are listed in Supplemental Table SV 
Transient expression Assays
Transient expression assays in N. benthamiana leaves were done as described (Llave et al. 2002 , Carbonell et al., 2012 using Agrobacterium tumefaciens GV3101 strain.
RNA blot Assays
Total RNA from A. thaliana or N. benthamiana was extracted using TRIzol reagent (Life Technologies) as described (Cuperus et al., 2010) . RNA blot assays were done as described (Montgomery et al., 2008; Cuperus et al., 2010) . Oligonucleotides used as probes for small RNA blots are listed in Supplemental Table SIV.
Quantitative real-time RT-PCR (RT-qPCR)
RT-qPCR reactions were done using those RNA samples that were used for RNA blot and small RNA library analyses. Two micrograms of DNAseI-treated total RNA were used to produce first-strand cDNA using the Superscript III system (Life Technologies).
RT-qPCR reactions were done in optical 96-well plates in a StepOnePlus TM Real-Time PCR System (Applied Biosystems) using the following program: 20 seconds at 95°C, followed by 40 cycles of 95°C for 3 seconds, 60°C for 30 seconds, and an additional melt curve stage consisting of 15 seconds at 95°C, 1 minute at 60°C and 15 seconds at 95°C.
The 20 μl reaction mixture contained 10 μl of Fast SYBR ® Green Master Mix (2X) (Applied Biosystems), 2 μl diluted cDNA (1:5), and 300 nM of each gene-specific primer. Primers used for RT-qPCR are listed in Supplemental 
Preparation of small RNA libraries
Small RNA libraries were produced using the same RNA samples as used for RNA blots. Fifty-100 μg of Arabidopsis total RNA were treated as described (Carbonell et al. 2012 ), but each small RNA library was barcoded at the amplicon PCR reaction step using an indexed 3' PCR primer (i1, i3, i4, i5 or i9) and the standard 5'PCR primer (P5) (Supplemental Table SVI ). Libraries were multiplexed and submitted for sequencing using a HiSeq 2000 sequencer (Illumina).
Small RNA sequencing analysis
Sequencing reads were parsed to identify library-specific barcodes and remove the 3' adaptor sequence, and were collapsed to a unique set with read counts. Unique sequences were aligned to a database containing the sequences of AtMIR390a-based amiRNA,
AtTAS1c-based syn-tasiRNA and the control constructs using BOWTIE version 0.12.8 Table SVI .
Accession numbers
Arabidopsis gene and locus identifiers are as follows:
(AT5G53200). The miRBase (http://mirbase.org) locus identifiers of the conserved Arabidopsis MIRNA precursors ( Figure 1C ) and of the plant MIRNA precursors used to express amiRNAs ( Figure 1D ) are listed in Supplemental Table SVII and Supplemental   Table SVIII , respectively.
High-throughput sequencing data from this article can be found in the Sequence Read Archive (http://www.ncbi.nlm.nih.gov/sra) under accession number SRP036134.
SUPPLEMENTAL MATERIAL
The following materials are available in the online version of this article. Table I . BsaI/ccdB-based ('B/c') vectors for direct cloning of amiRNAs and syntasiRNAs. 
Supplemental Protocol S1. Protocol to design and clone amiRNAs or syn-tasiRNAs in
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